Abstract: Two divalent metal ions are required for primer-extension catalyzed by DNA polymerases. One metal ion brings the 3 0 -hydroxyl of the primer terminus and the a-phosphorus atom of incoming dNTP together for bond formation so that the catalytically relevant conformation of the triphosphate tail of the dNTP is in an a,b,c-tridentate coordination complex with the second metal ion required for proper substrate alignment. A probable base selectivity mechanism derived from structural studies on Dpo4 suggests that the inability of mispaired dNTPs to form a substrate-aligned, tridentate coordination complex could effectively cause the mispaired dNTPs to be rejected before catalysis. Nevertheless, we found that mispaired dNTPs can actually form a properly aligned tridentate coordination complex. However, complementary dNTPs occasionally form misaligned complexes with mutant RB69 DNA polymerases (RB69pols) that are not in a tridentate coordination state. Here, we report finding a b,c-bidentate coordination complex that contained the complementary dUpNpp opposite dA in the structure of a ternary complex formed by the wild type RB69pol at 1.88 Å resolution. Our observations suggest that several distinct metalion coordination states can exist at the ground state in the polymerase active site and that base selectivity is unlikely to be based on metal-ion coordination alone.
Introduction
Replicative bacteriophage RB69 DNA polymerase (RB69pol) and many other replicative polymerases (pols) exhibit an extraordinary high degree of base selectivity during nucleotide incorporation, whereas lesion bypass pols such as Dpo4 exhibit reduced base selectivity. 1, 2 To understand the structural basis for base selectivity of a pol, two closely related structures of replication ternary complexes of a pol need to be determined for pairwise comparison, one containing a complementary incoming dNTP and the other containing a noncomplementary dNTP. This could potentially reveal distinct geometric features attributable to specific basepairing differences. A comparison of this type has been carried out with Dpo4 where it was found that the triphosphate tail of the complementary incoming dNTP adopts a ''chair-like'' conformation and forms a substrate-aligned, a,b,c-tridentate coordination complex. 3 However, the triphosphate tail of noncomplementary dNTPs in Dpo4 complexes adopt a ''goat tail-like'' conformation that differs from the a,b,c-tridentate coordination. 3 These complexes contained dT/dGTP or modified templating base adducts such as cyclobutane pyrimidine dimers or benzo[a]pyrene diol epoxides. The differences in substrate alignment between complementary and noncomplementary dNTPs appear to be consistent with the notion that mispaired dNTPs should somehow inhibit chemistry. Thus, Yang and coworkers proposed that a mismatched nascent base pair would lead to poor alignment of the metal ions, and as a consequence, inhibit nucleotide incorporation. 3 In pol b and the Bacillus polymerase fragment (Bst pol), noncomplementary incoming dNTPs failed to induce the fully closed conformation, 4, 5 which reduces the rate of nucleotidyl transfer and supports an induced-fit hypothesis. 6, 7 However, with RB69pol, noncomplementary incoming dNTPs can form a fully closed conformation but with only subtle differences in the polymerase active site. 8 In the tridentate coordination state of pol's ternary complexes, one of the two divalent metal ions is responsible for bringing the a-phosphorus atom (Pa) of the incoming dNTP's triphosphate tail close enough to the 3 0 -hydroxyl group of the primer terminus (ptO3 0 ) for nucleotidyl transfer, whereas the second metal ion simultaneously coordinates three oxygen atoms of the triphosphate tail and assists in the departure of pyrophosphate during catalysis. 9 These features are conserved in all pols of known structure, including Dpo4, pol b, Bst pol, and RB69pol. 9 These observations suggest that the relative stability between tridentate and bidentate coordination states has been shifted in these complexes. It is not likely that amino acid substitutions in these NBP mutants are responsible for the stability differences since both tridentate and bidentate states have been found with each of these NBP mutants. Here, we report a b,c-bidentate coordination state in the crystal structure of the wild type (wt) RB69pol ternary complex containing a complementary incoming dUpNpp determined at 1.88-Å resolution and provide evidence that the bidentate state does not result from amino acid substitutions in the NBP mutants of RB69pol.
Results and Discussion
The structure of the preinsertion ternary complex of wt RB69pol containing complementary dUpNpp has been refined at 1.88-Å resolution with R-factor and free R-factor of 19.0% and 22.0%, respectively (Table  I) to be changed simultaneously according to the observed torsion angle differences between the two conformations, which ranges from 30 to 50 (Table  II) . How these changes take place cooperatively within the ternary complex depends on the free energy field within the pol active site, including contributions from the two divalent metal ions. These changes must also be accompanied by torsion rotations of protein side chains within the polymerase active site when the ground state proceeds to the transition state.
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The b,c-bidentate complex was observed after cocrystallization of all the components rather than one component being replaced by soaking. 9 The most direct method to address the structural basis for base selectivity would be time-resolved crystallography after restarting a transiently stalled reaction in a crystal in synchrony.
The bidentate state observed in this study may have been underreported because the differences between bidentate and tridentate coordination states might be too small to be accurately resolved at medium resolutions. Having seen the bidentate state at 1.88-Å resolution, we have reexamined several of our unpublished lower-resolution structures and found a variety of bidentate coordination 
Materials and Methods
Portions of the experimental details for this study have been described in a recent publication on structural studies of replication ternary complexes formed by wt, tm, and qm RB69pols containing dUpXpp opposite a complementary templating base. 9 In brief, the ternary complex was crystallized at pH 6.5 using poly (ethylene glycol) 350 monomethyl ether in the presence of 150 mM CalCl 2 . X-ray diffraction data were collected at 110 K at beamline 24ID-E, the Northeast Collaborative Access Team (NECAT), Advanced Photon Source (APS), Argonne National Laboratory (ANL), Argonne, IL. Data were processed using HKL2000 (Table I) . 16 The structure was determined using the automated molecular replacement method phaser and refined with Refmac. 17, 18 We have unambiguously identified all bound Ca 2þ in the structure based on outstanding features in the Fo-Fc difference densities and the number of coordination ligands often greater than 6. Refined coordinates and X-ray diffraction data are available in PDB under the accession number of 3UIQ (Table I) . 
